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Highly selective single-component formazanate ferrate(II) 
catalysts for the conversion of CO2 into cyclic carbonates 
Aeilke J. Kamphuis,§[a] Francesca Milocco,§[b] Luuk Koiter,[b] Paolo P. Pescarmona*[a] and Edwin Otten*[b] 
Abstract: The development of new families of active and selective 
single-component catalysts based on earth-abundant metal is of 
interest from a sustainable chemistry perspective. In this context, we 
report anionic mono(formazanate) iron(II) complexes bearing labile 
halide ligands, which possess both Lewis acidic and nucleophilic 
functionalities, as novel single-component homogeneous catalysts 
for the reaction of CO2 with epoxides to produce cyclic carbonates. 
The influence of the halide ligand and the electronic properties of the 
formazanate ligand backbone on the catalytic activity were 
investigated by employing complexes 1-3 with and without an 
additional nucleophile. Very high selectivity was achieved towards 
the formation of the cyclic carbonate product for various terminal and 
internal epoxides without the need of a co-catalyst.  
Introduction 
The use of carbon dioxide as a C1-feedstock to produce useful 
chemicals is highly desirable due to its low cost and its non-toxic 
and non-flammable nature.[1] One of the biggest challenges 
associated with the use of CO2 as a chemical building block is to 
overcome its high thermodynamic stability. This can be achieved 
by reacting CO2 with compounds that are sufficiently high in free 
energy to result in exergonic reactions. Examples thereof 
include the hydrogenation of CO2 to formic acid or methanol,[1c,2] 
and the 100% atom-efficient reaction of CO2 with epoxides to 
produce cyclic carbonates (CCs) and/or polycarbonates (PCs, 
Scheme 1).[3] Both products are relevant for a number of 
applications.[4] In particular, CCs are used as green solvents, in 
electrolytes for Li-ion batteries, and as greener alternatives to 
toxic reagents such as phosgene.[5] Another crucial challenge in 
the fixation of carbon dioxide into CCs and PCs is the 
development of suitable catalysts, with the purpose of reaching 
high conversion rates of epoxides and to control the reaction 
selectivity so that only one of the two products is obtained,[3] 
thus minimising separation costs. Among the many classes of 
homogeneous and heterogeneous catalysts that have been 
studied for the reaction of CO2 with epoxides,[3,4,6] the binary 
catalyst systems involving a Lewis acid (e.g. a metal centre) and 
a nucleophile (e.g. a halide) generally achieve the highest 
activity and selectivity.[7]  Several metal complexes have been 
developed, especially based on Al,[8] Zn,[9] Co,[10] Cr.[11] Recently, 
growing attention has been dedicated to Fe catalysts.[12], [13] The 
use of the latter metal is very attractive due to its abundance, 
low cost and relatively low toxicity.[14] The Lewis acid centre and 
the nucleophilic species can be provided by two distinct 
components (e.g. a metal complex and an organic halide) or be 
incorporated in a single compound (i.e. a bifunctional catalyst). 
Examples of bifunctional iron-based catalysts include complexes 
based on Fe(II)[13e,15] or Fe(III)[13a-c,13f,16] with multidentate ligands 
containing N and/or O donor atoms. A limitation of these 
systems is that, particularly in the case of conversion of internal 
epoxides, an additional nucleophilic co-catalyst is typically 
required to achieve high activity and/or selectivity towards the 
cyclic carbonate product. 
Here, we report for the first time the use of Fe(II) formazanate 
complexes as active and selective single-component 
homogeneous catalysts for the selective conversion of CO2 and 
epoxides into the corresponding cyclic carbonates. In contrast to 
β-diketiminates, which have been widely used as ligands in 
metal complexes with application as homogeneous catalysts,[17] 
the structurally related formazanates ligands (based on a 
NNCNN backbone) are much less explored.[18] Recently, some 
of us[19] and Holland et al.[20] reported formazanate iron 
complexes, including a stoichiometric reaction with CO2 to give 
isocyanate,[21] but the application of formazanate iron complexes 
in catalysis has, to the best of our knowledge, not been 
described so far. 
 
 
Scheme 1. Catalysed reaction of CO2 with epoxides. 
Results and Discussion    
The mono(formazanate) ferrate(II) dihalide catalysts, 
[(PhNNC(Ar)NNPh)FeX2]- (Ar = C6H4(p-Me) (1), C6F5 (2), 
C6H4(p-OMe) (3); X = Cl, Br, I) were synthesised via a modified 
procedure of a route previously reported by some of us.[19b] This 
new procedure uses a one-pot approach that circumvents the 
isolation of formazanate alkali metal salts, thus allowing to use 
ligand substitution patterns that would otherwise lead to 
decomposition (for example, C6F5-substituents engage in 
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nucleophilic aromatic substitution).[22] Thus, simply mixing the 
formazans 1H-3H with a tetrabutylammonium halide, a base 
(KN(SiMe3)2) and FeX2 in THF under inert atmosphere allowed 
isolation of compounds 1-3 in good yield (60-85%) (Scheme 2).  
 
Scheme 2. Synthesis of compounds 1-3. 
Single-crystal X-ray diffraction of the new compounds 2Br/I and 
3Br (Figure S1) showed geometries close to tetrahedral (τ'4 in 
the range of 0.91-0.93), similar to those of the previously 
reported 1Cl/Br (τ'4[23] = 0.89-0.90).[19b] The Fe-N bond lengths of 
2Br/I and 3Br (see Table S2) are comparable with those of 
1Cl/Br, in agreement with a Fe(II) high-spin (S = 2). Compounds 
1-3 were characterised in THF-d8 solution via 1H and 19F NMR 
spectra (see SI), which show broad paramagnetically shifted 
peaks, the number of which is consistent with C2v symmetry. The 
electrochemical behaviour of compounds 2Br and 3Br was 
studied by cyclic voltammetry in THF solution (0.1 M [Bu4N][PF6] 
electrolyte, see SI). An anodic scan of 3Br shows an irreversible 
oxidation at a peak potential of +0.04 V vs Fc0/+, which is 
attributed to the FeII/III redox couple in analogy to what has been 
observed previously for 1Br (Ep,a = +0.05 V vs Fc0/+).[19b] A 
second oxidation is observed at +0.42 V vs Fc0/+, which is likely 
due to bromide oxidation.[24] The cyclic voltammogram of the 
C6F5-substituted complex 2Br shows an FeII/III couple that is 
shifted to higher potential by more than 100 mV (Ep,a = +0.16 V 
vs Fc0/+). The iron oxidation potential can be used as an 
indication of the Lewis acidity of the complex, suggesting that 
the Fe-centre in 2Br is a stronger Lewis acid compared to the 
corresponding sites in 1Br and 3Br, as expected when an 
electron withdrawing group is introduced in the ligand backbone. 
The halides in 1Br were shown to be labile and can be replaced 
by 4 eq. of 4-methoxyphenyl isocyanide to give the octahedral 
cationic complex [LFe(CNC6H4(p-OMe))4][Br].[19b] This feature is 
promising for the application of this class of complexes as 
catalysts for the reaction of CO2 with epoxides. In this context, 
the ability of these iron formazanates to activate epoxides was 
investigated by performing an in situ NMR study. Treatment of a 
THF-d8 solution of 1Br with successive amounts of 
1,2-epoxyhexane (1 to 25 eq.) led to a slight shift in the 1H NMR 
spectrum of the signals of the formazanate moiety (Figure S8), 
while the resonances of the epoxide were hardly affected 
(Figure S9). Although the changes are relatively minor, we 
interpret them as indication of an equilibrium involving the 
exchange of bromide with epoxide, albeit shifted towards the 
starting materials. A similar experiment with pyridine, which is a 
stronger Lewis base than epoxyhexane, indeed resulted in 
extensive broadening of the pyridine resonances when 1 eq. 
was used, while the peaks sharpen when 25 eq. were added 
(Figure S10-11). These data are consistent with the notion that 
bromide exchange in 1Br is facile, but the extent of bromide 
displacement depends on the nature of the added base. Addition 
of CO2 (1 bar) to the NMR tube containing 1Br and 
epoxyhexane (25 eq.) produced a small amount of cyclic 
carbonate after standing at room temperature for 2 h. Warming 
up to 60 °C overnight led to complete conversion of CO2 (based 
on 13C NMR), together with an increase of the amount of cyclic 
carbonate (Figure 1).   
 
 
Figure 1. 1H NMR spectrum of 1Br + 1,2-epoxyhexane (25 eq) + CO2 (1 bar) 
(THF-d8, 400 MHZ, 25 °C), selected peaks.  
Encouraged by these initial studies, complexes 1Cl/Br/I were 
evaluated as catalysts for the reaction of CO2 with 
1,2-epoxyhexane in solvent-free conditions at 90 °C, 12 bar CO2. 
The experiments were run using 0.25 mol% of Fe complex, both 
with and without the corresponding tetrabutylammonium halide 
as co-catalyst (Table 1, entries 1-6). Notably, all three 
formazanate complexes (1Cl/Br/I) are active without requiring 
the addition of a co-catalyst (Table 1, entries 1, 3 and 5). This 
demonstrates that a halide ligand in these ferrate(II) complexes 
is sufficiently labile to act as nucleophile causing ring-opening of 
the epoxide, resulting in a bifunctional catalytic behaviour. A 
similar mechanism based on a labile metal-halide bond was 
proposed for (anionic) Fe(III) catalysts.[16f] Virtually complete 
selectivity (>99%) towards the cyclic carbonate was observed in 
all cases. When the corresponding tetrabutylammonium halide 
was used as co-catalyst in combination with complexes 1Cl/Br/I, 
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entries 2, 4 and 6). Comparing these results with the activity of 
the tetrabutylammonium halides under the same conditions but 
in the absence of iron formazanates (entries 16-18), showed that 
the presence of the iron complexes leads to substantially 
increased conversion, thus confirming their catalytic activity. 
 
Table 1. Reaction of 1,2-epoxyhexane with CO2 catalysed by Fe(II) 
formazanate complexes (1-3).  




1 1Cl - 12 48 
2 1Cl Bu4NCl 19 76 
3 1Br - 36 144 
4 1Br Bu4NBr 50 200 
5 1I - 21 84 
6 1I Bu4NI 28 112 
7 2Br - 24 96 
8 2Br Bu4NBr 41 164 
9 2I - 24 96 
10 3Br - 28 112 
11 3Br Bu4NBr 39 156 
12[c] 1Br - 47 188 
13[c] 1Br Bu4NBr 61 244 
14[c,d] 1Br - >99 100 
15[c,e] 1Br[e] - 69 - 
16 - Bu4NCl 3 - 
17  - Bu4NBr 4 - 
18 - Bu4NI 5 - 
Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as internal 
standard, 0.25 mol% Fe complex relative to the epoxide; 0.25 mol% co-
catalyst relative to the epoxide (if applicable), 90 °C, 12 bar CO2 
pressure, 2 h. The Fe complexes (and co-catalysts, if used) are fully 
soluble at room temperature in the reaction mixture. Selectivity towards 
the cyclic carbonate was >99% in all cases as confirmed by 1H NMR 
spectroscopy (see SI). [a] Conversion calculated based on the 1H NMR 
signals of the carbonate product and epoxide substrate (see SI); all runs 
were conducted in (at least) duplicate, the reported conversion being an 
average. [b] Turnover number expressed as mol of converted epoxide 
per mol of catalyst complex. [c] Using anhydrous 1,2-epoxyhexane. [d] 
1.00 mol% of complex 1Br relative to the epoxide. [e] Recycled catalyst 
from entry 14. 
Among the three formazanate complexes (1Cl/Br/I), the activity 
increased in the order of X = Cl- < I- < Br-, both in the presence 
or absence of a co-catalyst. This trend can be understood 
considering that the overall catalytic activity depends on the 
nucleophilicity of the halide, its leaving group ability (see 
Scheme 3 for proposed reaction mechanism) and its interaction 
with the Lewis acid (i.e. the halide lability from the iron 
centre).[3c,8c,25] In the aprotic medium in which the reaction was 
carried out, the nucleophilicity increases in the order of I- < Br- < 
Cl-, whereas the leaving group ability decreases in the same 
order. It can be concluded that in this system bromide provides 
the best balance between nucleophilicity, leaving group ability 
and lability from the iron centre, thereby leading to the highest 
catalytic activity. In addition to studying the effect of the anionic 
nucleophilic species on the catalytic activity, the influence of the 
cationic counterpart was also investigated. Performing the 
benchmark reaction (equal conditions to Table 1, entry 3) with 
an analogue of complex 1Br with PPN 
(bis(triphenylphosphine)iminium) as countercation showed no 
significant difference in catalytic activity (34% conversion). 
 
Scheme 3. Proposed mechanism for the reaction of CO2 and epoxide 
catalysed by Fe(II) formazanate complexes (1-3). 
To further investigate the potential of iron formazanate catalysts 
in this reaction, the influence of the substituents in the ligand 
backbone was studied by preparing and testing compounds 2Br, 
2I and 3Br. The electron-withdrawing C6F5 substituent present in 
compounds 2Br/I is expected to lead to a more Lewis acidic Fe 
centre in comparison to that in complexes 1, whereas the 
electron-donating p-methoxy group of 3Br will generate the 
opposite effect. When comparing the catalytic activity of complex 
1Br (entries 3 and 4) with 2Br (entries 7 and 8) and 3Br (entries 
10 and 11), it is clear that all iron complexes are active catalysts, 
both with and without added co-catalyst, and that both 
electron-withdrawing and -donating groups have a detrimental 
effect on activity. The lack of a clear correlation between a single 
parameter (i.e. the Lewis acidity of the metal centre) and 
catalytic activity is not surprising given the complex balance 
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system (such as halide dissociation from the metal centre, 
substrate binding, product release). Complexes 1Br and 2Br 
were also tested using lower loading relative to the epoxide. 
Under these conditions, a decrease in conversion was observed 
but a higher TON could be reached (see Table S5). 
Many homogeneous metal-based catalysts employed in the 
reaction of CO2 with epoxide are air- and moisture-sensitive,[9a] 
requiring drying of the reagents in order to prevent their 
deactivation. In the case of the iron formazanate complexes, we 
investigated the effect of using pre-dried, N2-saturated 
1,2-epoxyhexane on the activity of catalyst 1Br (Table 1, entries 
12 and 13). An increase in conversion of around 11% was 
observed in comparison with the test with untreated 
1,2-epoxyhexane (entries 3 and 4, respectively). These results 
indicate that, though working with anhydrous reagents is 
beneficial, the formazanate catalyst is not affected in a major 
way by adventitious water. This is an important asset, as for 
practical applications the addition of a drying step would lead to 
significant undesirable costs. 
Of all the formazanate complexes examined, 1Br showed the 
highest catalytic activity towards the benchmark reaction of CO2 
with 1,2-epoxyhexane, both with and without additional 
nucleophile. Hence, we chose this complex as single-component 
catalyst to expand the scope of the reaction by testing various 
terminal and internal epoxides (Table 2; for the substrate scope 
with complex 2Br see Table S4). 
For 1,2-epoxyhexane, the conversion after 18 h (89%) is 
considerably higher than after 2 h (36%, entry 3 in Table 1), 
showing that formazanate complex 1Br remains active for an 
extended period of time. Indeed, addition of Et2O after the 
reaction afforded a precipitate that contained intact 1Br as 
shown by 1H NMR spectroscopy (Figure S7). This allowed 
investigating the recyclability of the catalyst. First, a catalytic test 
with 1.0 mol% catalyst loading was carried out, which gave 
quantitative conversion of 1,2-epoxyhexane after 2 h (Table 1, 
entry 14). Subsequently, 1Br was precipitated by addition of cold 
Et2O/hexane (4:1) under N2 atmosphere. After removal of the 
supernatant, the solid was washed with cold Et2O, dried and 
used without further purification in a second run. Under identical 
conditions, the recycled catalyst afforded 69% conversion (Table 
1, entry 15). It should be noted that full catalyst recovery was 
hampered by its solubility in the carbonate product, and further 
optimisation is required. Nevertheless, these results show that 
the recovered catalyst retains substantial activity.  
When comparing the activity with different substrates, it was 
observed that 1Br is especially active in the conversion of 
terminal epoxides, leading to high conversions (≥84%) for 
reactions of CO2 with 1,2-epoxyhexane (Table 2, entry 1), 
epichlorohydrin (entry 3) and allyl glycidyl ether (entry 4). In the 
case of propylene oxide (entry 2), quantitative conversion was 
achieved after 18 h with a catalyst loading of 0.25 mol%, 
accompanied by a propylene carbonate yield of 97% (see Table 
2, note [f]). Lowering the catalyst loading to 0.05 mol% resulted 
in a propylene carbonate yield of 43% (entry 2), with a high TON 
of 860. The conversion of styrene oxide (entry 5) is slightly lower 
than that of the other terminal epoxides, which can be related to 
the steric hindrance of the aromatic group. 
 
Table 2. Substrate scope of the reaction of various terminal and internal 
epoxides with CO2 to produce cyclic carbonates, catalysed by Fe(II) 
















3  89 98 356 
4 
 
84 >99 336 








18 98 72 
8 
 
2[g] >99[g] 8[g] 
Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as internal 
standard, 0.25 mol% of complex 1Br relative to the epoxide, 90 °C, 12 bar 
CO2 pressure, 18 h. [a] Conversion calculated based on the 1H NMR signals of 
the carbonate product and epoxide substrate (see SI). [b] Selectivity towards 
the cyclic carbonate product determined with FTIR analysis by comparing the 
C=O stretch signal of the cyclic carbonate and polycarbonate, respectively 
(see SI). [c] Turnover number expressed as mol of converted epoxide per mol 
of catalyst complex. [d] The reported value is based on yield of propylene 
carbonate. [e] Catalyst loading of 0.05 mol% of complex 1Br relative to the 
epoxide. [f] The small discrepancy between the conversion of propylene oxide 
and the yield of propylene carbonate is a consequence of the high volatility of 
propylene oxide, which leads to evaporation of small amounts of epoxide 
during purging and depressurisation of the reactor (see experimental section). 
[g] Reaction conditions: 30 mmol epoxide, 3 mmol mesitylene as internal 
standard, 1.00 mol% of complex 1Cl relative to the epoxide, 90 °C, 12 bar CO2 
pressure, 18 h. 
Internal epoxides are typically more difficult to convert due to 
steric effects, hence, lower conversions were achieved for the 
reactions of CO2 with cyclohexene oxide (entry 6) and 
vinylcyclohexene oxide (entry 7), while only trace amounts of 
carbonate product were observed with limonene oxide. Since it 
has been reported that for highly substituted epoxide smaller 
nucleophiles are preferred,[26] 1Cl was also tested in the reaction 
of CO2 with limonene oxide. With a catalyst loading of 1.00 
mol%, 1Cl gave ca. 2% conversion to the corresponding 
carbonate (entry 8). Although the reaction is very slow, this 
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conversion of this challenging substrate even in the absence of 
a co-catalyst. 
Interestingly, very high selectivity towards the cyclic carbonate 
product was achieved also with the cyclohexene-type epoxides, 
which are known to be prone to polymerisation.[27] Typically, in 
the case of other single-component bifunctional catalysts, the 
polycarbonate is the major product obtained from the reaction 
between CO2 and cyclohexene oxide, and the addition of a 
separate nucleophile is required to form the cyclic product 
selectively (see Table S6 for a detailed comparison with other 
bifunctional iron-based catalysts in the literature).[13a,13c,15c,16a,16b] 
Conclusions 
We presented the first example of formazanate Fe complexes as 
homogeneous catalysts for the fixation of CO2 into cyclic 
carbonates via reaction with epoxides. The main assets of these 
complexes are: (i) their ability to act as single-component 
catalysts, thus obviating the need for an additional nucleophile; 
and (ii) their remarkable selectivity towards the cyclic carbonate 
product even in the conversion of internal epoxides such as 
(substituted) cyclohexene oxides, which generally tend to yield 
polycarbonates. More generally, this work indicates that anionic 
metal complexes with loosely bound halide ligands may provide 
a new entry into single-component transition metal catalysts for 
CO2-fixation into organic carbonates. 
Experimental Section 
General Considerations. 
The synthesis of the complexes was carried out under nitrogen using 
standard glovebox, Schlenk, and vacuum-line techniques. THF (Aldrich, 
anhydrous, 99.8%) was dried by percolation over columns of Al2O3 
(Fluka); toluene and hexane (Aldrich, anhydrous, 99.8%) were passed 
over columns of Al2O3 (Fluka), BASF R3-11-supported Cu oxygen 
scavenger, and molecular sieves (Aldrich, 4 Å). THF-d8 (Euriso-top) was 
vacuum transferred from Na/K alloy and stored under nitrogen. The 
compounds 1H,[28] 3H,[29] PhNNC(C6F5)H[30] and FeBr2(THF)2[31] were 
synthesised according to literature procedures. Ligand 2H was prepared 
according to a slightly-adapted version of a literature method[32] (see SI 
for the detailed description). Aniline (Sigma-Aldrich, 99%), hydrochloric 
acid (Boom B.V., 37-38%), glacial acetic acid (Imsure, 100%), sodium 
hydroxide (pellets, Acros), sodium nitrite (Sigma-Aldrich), acetone (Boom 
B.V., technical grade), methanol (Boom B.V., technical grade), hexane 
(Boom B.V., technical grade), CDCl3 (Euriso-top), tetrabutylammonium 
bromide (Sigma-Aldrich, 99%), tetrabutylammonium chloride (Sigma-
Aldrich, 99%), tetrabutylammonium iodide (Sigma-Aldrich, 98%), FeI2 
(Alfa Aesar, anhydrous, 97%), potassium bis(trimethylsilyl)amide (Sigma-
Aldrich, 95%) were used as received. KH (Sigma-Aldrich, 30 wt% 
dispersion in mineral oil) was washed several times with hexane to free 
them from the mineral oil and subsequently dried in vacuo to obtain a fine 
powder. NMR spectra were recorded on a Varian Oxford 300 MHz, 
Varian Mercury 400 MHz, Inova 500 MHz, or Bruker 600 MHz 
spectrometer. The 1H and 13C NMR spectra were referenced internally 
using the residual solvent resonances and reported in ppm relative to 
TMS (0 ppm). FTIR spectra were recorded using a Shimadzu IR tracer-
100 equipped with an ATR sample unit with a frequency range of 4000-
600 cm-1, a resolution of 4 cm-1 and 64 scans. Cyclic Voltammetry was 
performed using a three-electrode setup with a silver wire pseudo-
reference electrode and a platinum disk working electrode (CHI102, CH 
Instruments; diameter = 2 mm). The platinum working electrode was 
polished before the experiment using an alumina slurry (0.05 µm), rinsed 
with distilled water, and subjected to brief ultrasonication to remove any 
adhered alumina microparticles. The electrodes were then dried in an 
oven at + 75 °C overnight to remove any residual traces of water. The CV 
data were calibrated by adding decamethylferrocene as a THF solution at 
the end of the experiments. There is no indication that the addition of 
decamethylferrocene influences the electrochemical behaviour of the 
products. All electrochemical measurements were performed at ambient 
temperatures under an inert N2 atmosphere in THF containing 0.1 M 
[Bu4N][PF6] as the supporting electrolyte. Data were recorded with 
Autolab NOVA software (version 2.1-2). UV−vis spectra were recorded in 
a THF solution (∼10−5 M) using an Agilent Cary 8454 UV-Visible 
spectrophotometer. 
Synthesis of the iron complexes. 
[Bu4N][(PhNNC(p-tol)NNPh)FeCl2] (1Cl). To a solution of 1H (276.3 mg, 
1.0 eq, 0.88 mmol) in 20 mL of THF, tetrabutylammonium chloride (244.3 
mg, 1.0 eq, 0.88 mmol), potassium bis(trimethylsilyl)amide (203.0 mg, 
1.1 eq, 0.97 mmol) and FeCl2 (111.4 mg, 1.0 eq, 0.88 mmol) were added 
as a solid. The dark purple mixture was stirred for 3 days after which the 
volatiles were removed in vacuo. The product was extracted in THF (2 x 
6 mL) and slow diffusion of hexane into the THF solution afforded dark 
purple crystals which were filtered and washed with toluene and hexane 
giving 1Br as product (473.8 mg, 0.69 mmol, 79% yield). The 1H NMR 
spectrum was in agreement with the literature.[19b] 
[Bu4N][(PhNNC(p-tol)NNPh)FeBr2] (1Br). To a solution of 1H (572.2 mg, 
1.0 eq, 1.82 mmol) in 25 mL of THF, tetrabutylammonium bromide (586.7 
mg, 1.0 eq, 1.82 mmol), potassium hydride (89.0 mg, 1.2 eq, 2.20 mmol) 
and FeBr2∙(THF)2 (655.0 mg, 1.0 eq, 1.82 mmol) were added as a solid. 
The dark purple mixture was stirred for 3 days after which the volatiles 
were removed in vacuo. The product was extracted in THF (2 x 25 mL) 
and slow diffusion of hexane into the THF solution afforded dark purple 
crystals which were filtered and washed with toluene and hexane giving 
1Br as product (1024.2 mg, 1.33 mmol, 73% yield). The 1H NMR 
spectrum was in agreement with the literature.[19b]  
[Bu4N][(PhNNC(p-tol)NNPh)FeI2] (1I).[33] To a solution of 1H (565.9 mg, 
1.0 eq, 1.80 mmol) in 25 mL of THF, tetrabutylammonium iodide (664.7 
mg, 1.0 eq, 1.80 mmol), potassium hydride (87.4 mg, 1.2 eq, 2.20 mmol) 
and FeI2 (556.1 mg, 1.0 eq, 1.80 mmol) were added as a solid. After 
stirring at r.t. for 1 day the volatiles were removed in vacuo. The product 
was extracted in THF (2 x 20 mL) and slow diffusion of hexane into the 
THF solution afforded a dark purple powder which was filtered and 
washed with toluene and hexane giving 1I as product (826.6 mg, 1.14 
mmol, 63% yield). 1H NMR (400 MHz, THF-d8, 25°C): δ = 36.34 (3H, p-
tol CH3), 30.07 (4H, Ph m-CH), 25.15 (2H, p-tol m-CH), 2.73 (8H, NBu4+, 
CH2), 2.47 (8H, NBu4+, CH2), 1.37 (8H, NBu4+, CH2), 0.83 (12H, NBu4+, 
CH3), -8.79 (2H, Ph p-CH), -9.42 (2H, p-tol o-CH), -24.49 (4H, Ph o-CH) 
ppm. Anal. Calcd. for C35H46N5I2Fe: C 49.96, H 6.17, N 8.09; found: C 
50.58, H 6.81, N 7.13. 
[Bu4N][(PhNNC(C6F5)NNPh)FeBr2] (2Br). To a solution of 2H (858.7 mg, 
1.0 eq, 2.20 mmol) in 30 mL of THF, tetrabutylammonium bromide (695.0 
mg, 0.98 eq, 2.16 mmol), potassium bis(trimethylsilyl)amide (478.8 mg, 
1.1 eq, 2.40 mmol) and FeBr2∙(THF)2 (791.7 mg, 1.0 eq, 2.20 mmol) were 
added as a solid. The reaction mixture was stirred for 3 days after which 
the volatiles were removed in vacuo. The product was washed with 
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diffusion of hexane into the orange-brown THF solution at r.t. afforded 
dark brown solid which was filtered and washed with toluene and hexane 
giving 2Br as product (1266.0 mg, 1.49 mmol, 69% yield). 1H NMR (400 
MHz, THF-d8, 25°C): δ = 23.76 (4H, Ph m-CH), 4.44 (8H, NBu4+, CH2), 
2.95 (8H, NBu4+, CH2), 2.19 (8H, NBu4+, CH2), 1.31 (12H, NBu4+, CH3), -
5.54 (2H, Ph p-CH), -16.70 (br, 4H, Ph o-CH) ppm. 19F-NMR (376 MHz, 
THF-d8, 25°C): δ = -125.12 (1F, C6F5 p-CF), -130.24 (2F, C6F5 CF), -
157.72 (2F, C6F5 CF) ppm. Anal. Calcd. for C35H46N5Br2Fe: C 49.61, H 
5.47, N 8.26; found: C 49.36, H 5.53, N 7.86. 
[Bu4N][(PhNNC(C6F5)NNPh)FeI2] (2I). To a solution of 2H (267.4 mg, 
1.0 eq, 0.69 mmol) in 15 mL of THF, tetrabutylammonium iodide (253.0 
mg, 1.0 eq, 0.69 mmol), potassium bis(trimethylsilyl)amide (158.2 mg, 
1.1 eq, 0.75 mmol) and FeI2 (218.7 mg, 1.0 eq, 0.69 mmol) were added 
as a solid. After stirring the reaction mixture for 3 days, the volatiles were 
removed in vacuo. The product was washed with hexane and toluene 
and subsequently extracted in THF. Slow diffusion of hexane into the 
orange-brown THF solution at r.t. afforded dark brown solid which was 
filtered and washed with toluene and hexane giving 2I as product (393.4 
mg, 0.42 mmol, 61% yield). 1H NMR (400 MHz, THF-d8, 25°C): δ = 27.98 
(4H, Ph m-CH), 2.26 (8H, NBu4+, CH2), 1.94 (8H, NBu4+, CH2), 1.72 (8H, 
NBu4+, CH2), 1.22 (12H, NBu4+, CH3), -5.02 (2H, Ph p-CH) ppm.* 19F-
NMR (376 MHz, THF-d8, 25°C): δ = -123.58 (1F, C6F5 p-CF), -128.89 (2F, 
C6F5 CF), -158.55 (2F, C6F5 CF) ppm. Anal. Calcd. for C35H46N5I2Fe: C 
44.65, H 4.93, N 7.44; found: C 44.42, H 4.88, N 7.39. *The peak of Ph 
o-CH is not visible due to paramagnetic line broadening. 
[Bu4N][(PhNNC(C6H4(p-OMe))NNPh)FeBr2] (3Br). To a solution of 3H 
(660.8 mg, 1.0 eq, 2.00 mmol) in 30 mL of THF, tetrabutylammonium 
bromide (644.7 mg, 1.0 eq, 2.00 mmol), potassium 
bis(trimethylsilyl)amide (462.0 mg, 1.1 eq, 2.20 mmol) and FeBr2∙(THF)2  
(719.7 mg, 1.0 eq, 2.00 mmol) were added as a solid. The reaction 
mixture was stirred for 3 days after which the volatiles were removed in 
vacuo. The product was extracted in THF (2 x 20 mL) and slow diffusion 
of hexane into the fuchsia THF solution at r.t. afforded dark purple solid 
which was filtered and washed with toluene and hexane giving 3Br as 
product (1342.9 mg, 1.71 mmol, 85% yield). 1H NMR (400 MHz, THF-d8, 
25 °C): δ 26.24 (4H, Ph m-CH), 24.11 (2H, C6H4OCH3 m-CH), 9.38 (3H, 
C6H4OCH3 p-OCH3), 2.82 (8H, NBu4+ CH2), 1.30-2.00 (16H, NBu4+ CH2), 
0.91 (12H, NBu4+ CH3), -7.27 (2H, C6H4OCH3 o-CH), -8.93 (2H, Ph p-CH), 
-19.76 (br, 4H, Ph o-CH) ppm. Anal. Calcd for C36H53N5OBr2Fe: C 54.91, 
H 6.79, N 8.89; found: C 54.79, H 6.43, N 8.61. 
Catalytic tests. 
The catalytic experiments were conducted in a high-throughput CO2 
reactor unit, constructed by ILS-Integrated Lab Solutions GmbH. This 
CO2 reactor unit consists of: (a) a 10-reactors block that allows 
performing 10 reactions simultaneously in individually-stirred batch 
reactors in separate batch reactors (84 mL volume each, 30 mm internal 
diameter); and (b) a single batch reactor with the same dimensions and 
equipped with a borosilicate glass window to allow visualisation of the 
phase behaviour within the reactor. The unit can operate in a 
temperature range of 20-200 °C and a pressure range of 1-200 bar. For 
each test, 30.0 mmol epoxide, 3.0 mmol mesitylene as internal standard 
and the appropriate amounts of catalyst and co-catalyst (when used) 
were weighed into a glass vial (46 mL volume, 30 mm external diameter) 
equipped with a magnetic stirring bar and a screw cap containing a 
silicone/PTFE septum. The glass vials were then transferred into the 10-
reactors block and each septum was pierced with two thin syringe 
needles to allow gas to flow in and out of the vials. The reactors block 
was subsequently closed. The parallel batch reactors were first purged 3 
times with 5 bar N2, after which they were pressurised to 10 bar CO2. 10 
min were waited before depressurising the reactors to atmospheric 
pressure in order to prevent damage to the Viton O-rings. After reaching 
atmospheric pressure, another 10 min were waited. Next, the reactors 
were pressurised with 10 bar CO2. After reaching this pressure, the 
reactors block was heated to 90 °C, which resulted in a final pressure of 
approximately 12 bar in each batch reactor. The process of purging, 
pressurising and heating the reactors block took approximately 1 h. The 
start of the reaction was defined as the moment at which the magnetic 
stirring was switched on, after reaching the desired reaction temperature 
and pressure. The reactions were carried out at 900 rpm stirring speed 
for either 2 or 18 h. At the end of the reaction, the magnetic stirring and 
the reactor heating were switched off and the water cooling system was 
turned on to cool down the reactors block. Upon reaching room 
temperature, the reactors were depressurised. The process of cooling 
down and depressurising the reactors block took approximately 45 min. 
After reaching atmospheric pressure, the reactors block was opened and 
the vials were removed. Small aliquots of each sample were used for 1H 
NMR and FTIR analyses. 
The recycling tests were conducted in the visualisation reactor of the 
high-throughput CO2 reactor unit at 90 °C, 12 bar CO2 pressure, 2 h, 
following the same catalytic testing procedure reported above. 
1,2-Epoxyhexane and mesitylene were previously dried on molecular 
sieves and degassed under N2. For the first run, 30.0 mmol epoxide, 3.0 
mmol mesitylene as internal standard and 1.0 mol% of 1Br relative to the 
epoxide were employed, After the reaction, cold Et2O and hexane (in 
ratio 4:1) were added under N2. The fuchsia-coloured mixture was stirred 
until a precipitate formed. Then, the stirring was stopped and the 
supernatant was decanted. The obtained solid was washed with cold 
Et2O and dried obtaining a dark-purple solid, which was directly used in 
the second catalytic run without any further purification. For the second 
run, 30.0 mmol epoxide and 3.0 mmol mesitylene were added to the 
recovered catalyst and the recycling test was carried out under the same 
conditions as in the first run. 
The description of the synthesis of ligand 2H, the characterisation of the 
complexes and the 1H NMR and FTIR spectra used to quantify the 
conversions and yields of the catalytic tests are provided in the 
Supporting Information (SI). 
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complexes bearing labile halide 
ligands act as single-component 
homogeneous catalysts for the 
selective conversion of CO2 into 
cyclic carbonate. High selectivity was 
achieved towards the formation of the 
cyclic carbonate product for several 
terminal and internal epoxides 
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